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Abstract The expression of the gene coding for the ca- 
roteiiogenic enzyme phytoene synthase is highly regu- 
lated. To study this, its promoter and truncated versions 
thereof were translationaliy fused to the luciferase gene 
as a reporter and these constructs were used to trans- 
form Arabidopsis thaliana. The full-length promoter was 
shown to be active in the dark, but mediated positive 
responses towards different light qualities (far-red, red, 
blue and white light). Among the herbicides tested, 
norflurazon and gabaculinc showed no notable effects, 
while CPTA abolished light induction completely. Re- 
sponse towards different light qualities was mediated by 
a TATA box-proximal promoter region up to position 
-300, containing G-box-like elements involved in the 
distinction of different monochromatic light qualities 
applied. This is detected in electrophoretic mobility shift 
assays (EMS As), which reveal differential complex for- 
mation. A TATA box distal region of the promoter was 
shown to be responsible for a high basal promoter ac- 
tivity that was not modulated by different light qualities. 
Using EMS As, a novel exacting element ATCTA oc- 
curring in tandem between positions -354 and -841 
proved to be decisive in this respect. The motif was 
found in several other promoter regions involved in 
carotenoid and tocopherol biosynthesis, as well as in the 
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promoter regions mediating the expression of photo- 
synthesis-related genes. The functional equivalence of 
the motifs was shown by successfully using the respective 
regions in EMSAs. We conclude chat the ATCTA motif 
represents an element capable of mediating a coordi- 
nated regulation of these pathways at the transcriptional 
level. 

Keywords Carotenoid - Light regulation • 
Norflurazon • Phytochrorne - Phytoene synthase 

Abbreviations CPTA: 2-(^-chJorophenylthio)triethyl- 
ammonium chloride - GBF: G-box binding factor * 
GGPS: geranylgeranyldiphosphate synthase - EMS A: 
electrophoretic mobility shift assay • PDS: phytoene 
desaturase • PHY: phytochrorne ■ PSY: phytoene 
synthase 



Introduction 

The biosynthesis of carotenoids is regulated in response 
to both developmental and environmental stimuli, e.g. 
during chromoplast development in flowers and fruits or 
during the process of ehloroplast development. In 
chromoplasts, carotenoids are massively accumulated to 
exert mainly ecological functions, while in chJoropiasts a 
coordinated supply of carotenoids and chlorophylls is 
physiologically crucial. Carotcnoid-free plants cannot 
survive in the light because in the photosynthetic appa- 
ratus carotenoids function in both the acquisition of 
light energy and the protection against light (Demmig- 
Adams et al. 1996). To perform these tasks, these pig- 
ments are localized together with chlorophyll molecules 
in the reaction centers of the photosystems as well as in 
the light-harvesting complexes. 

Among several environmental stimuli regulating 
ehloroplast development, light is the most important- 
Here, light is perceived differentially, e.g. by the phyto- 
chrorne system and by cryptochromes, to control this 
process (for reviews, see Frankhauscr and Chory 1997; 
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Batschauer 1998; Lin 2000). Since light plays a dual role 
and may exert deleterious effects on the emerging pho- 
tosynthetic apparatus, there is a. requirement for mech- 
anisms ensuring a protective function against light, as 
reflected by the quantitatively and qualitatively coordi- 
nated biosynthesis of carotenoids and chlorophylls. 
Accordingly, the expression of carotenogenic genes 
during de-etiolation must be precisely regulated and 
coordinated with the expression of genes for carotenoid- 
bearing protein complexes involved in photosynthesis, 
as well as with the expression of genes involved in 
chlorophyll biosynthesis, etc. 

We investigated previously the expression of carote- 
nogenic mRNAs during de-etiolation using quantitative 
RT-PCR- This revealed that transcripts of gera- 
nylgeranyldiphosphate synthase (ggps) and phytoene 
desaturase (pds) remained relatively constant while a 
significant up-regulation of phytoene synthase (psy) was 
observed during this process. It was concluded that the 
up-regulation of carotenoid biosynthesis relied essen- 
tially on the transcriptional activation of the psy gene, 
which codes for the first enzyme specifically committed 
to carotenoid biosynthesis. A detailed analysis of the 
light qualities mediating the light induction of psy re- 
vealed that the phytochrome system was involved. The 
responses of phyA and phyB mutants allowed us to as- 
sign a major role to PHYA; in contrast, PHYB was not 
involved. However, since in phyA/phyB double mutants 
increased psy transcript amounts were observed under 
red (R) and blue (B) light, the involvement of other 
phytochromes (in Arabidopsis thaliana PHYC to PHYE) 
and of cryptochromes could not be excluded (von Lintig 
et al. 1997). In an extension of these studies, it was 
shown later in Sinapis alba thai posttranscriptional as 
well as posttranslational events, such as the formation of 
the prolaraeHar body and of competent membrane 
structures, are decisive in the regulation of the enzymatic 
activity of PSY and thus of carotenoid biosynthesis 
(Wclscb et al. 2000). 

The corresponding situation in chromoplast-bearing 
plants may be more complex. Taking tomato fruit as an 
example, the formation of large amounts of carotenoids 
involves at least in part a second set of genes differing in 
the tissue specificity of their expression. Two differen- 
tially regulated psy genes (psyl and psy2) as well as two 
lycopene fl-cyclaso (cyc-b and Icy-b) genes exist here. 
Psyl plays a predominant role in the non-green tissue of 
fruit beyond the breaker stage, while psy2 is involved in 
the carotenoid biosynthesis of green leaves. Similarly, 
cyc-b and lcy~b are predominantly involved in carote- 
noid biosynthesis in chromoplast or chloroplast-bearing 
tissues, respectively (for recent reviews, see van den Berg 
et al, 2000; Hirschberg 2001). The transcriptional regu- 
lation of the carotenoid biosynthesis genes seems light- 
regulated via the phytochrome system in tomato fruit 
(Alba et al. 2000), but the coordination with genes in- 
volved in photosynthesis, which is very strict in leaves, is 
lost. Thus hitherto unknown developmental facLors 
must be involved. One further determinant of carotenoid 



accumulation in chromoplasts is provided by the for- 
mation of carotenoid sequestering structures such as 
lipid globules, crystals, membranes or proteolipid fibrils 
(Rabbani et al. 199S; for review see Camara et aJ. 1995). 

To circumvent the complications given above, wc 
selected A, thaliana as a system to investigate the regu- 
lation of carotenoid biosynthesis in photosynthctically 
active tissues. A. thaliana does not develop chromoplasts 
and psy is present as a single copy gene. 

In the present investigation, wc report on the cloning 
and the structural and functional analysis of the psy 
promoter lo substantiate its key regulatory role in green 
tissues. Using transgenic A. thaliana lines transformed 
with the promoter fused to the luciferase gene as a re- 
porter, we investigated promoter activity in different 
tissues, under different light qualities and in the presence 
of herbicides. The use of promoter truncations in 
combination with gel retardation assays to detect DNA- 
complex formation allowed the characterization of 
responsible cLr-acting elements. Our results indicate a 
spatial separation of exacting elements mediating dif- 
ferent light responses, as well as the existence of a novel 
exacting element enabling strong basal activity. This 
latter clement was also found in a variety of different 
photosynthesis-related genes, indicating a possible co- 
regulation at the transcriptional level. 



Materials and methods 

Cloning of the psy gene 

For the isolation or the psy gene, a genomic library of Arabidopsis 
thaliana, ecotype Wassilewskija (Schulz el al. 1994) was screened. 
As a probe, a PCR fragment was amplified from a plasmid carrying 
the A. thaliana /uy-cDNA (Gen Bank accession number L25812; 
BarUey and Scolnik 1994) with the oligonucleotides 5'*TTG TQG 
QTT GGT AAG GGT TC-3' and 5'-CGT AGA TTG CCC AAA 
TCG CC-3' and radioUbclled using the Klcnow fragment (Klcnow 
and Henningsen 1970), From the isolated genomic clone, a 7-kb 
BcoKl fragment containing the p.ry gene was subcloned into 
pflSKM. 5' subclones were produced using restriction sites and the 
exonuclcasc method with the enzymes BamHl and Psil (Henikoff 
1984) and then sequenced. 

Translationa! fusions of different promoter truncations with the 
luciferase gene were produced by subcloning corresponding pro- 
moter fragments into the vector pSP/«c" (Promega, Mannheim, 
Germany). For binary constructs, psy flue fusions were isolated and 
subcloned into the vector pDIN-35S-mGFP (kindly provided by 
Dr. M. Rodriguez), replacing the 35S-mGFP region. 

LucifemKe and GlfS measurement 

Luciferase activity in seedlings from homozygous T2 lines was 
determined according to Iida et al. (1995) using a luminometer 
(lumal LB9501, Bcrthold, Wildbad, Germany). Protein concen- 
tration in the supernatant* was determined according to Bradford 
(1976). All measurements were repeated three times for each T2 
line; the values represent the average of all experiments Tor at least 
two strongly expressing lines of each transformation. 

Quantification of transient expression was performed according 
to Norris el al. (1993) using the plasmid pHGi35SGUS (kindly 
provided by t)i. M. Rodriguez) as control plasmid. Leaves of 
3-wpck-oid Arabidopsis plants were bombarded with 14 pmol of an 
cquimolar mixture of control plaamid and test plasmid (i.e. payjluc 
fusions in the vector pSP/wc + ) using a self-made particle influence 
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gun (Fdner ct al. 1992). After iucubatioD for 24 h in dim light, 
extracts were prepared and protein concentration (Bradford 1976) 
and luciferasc activity (lidaet al. 1 99S) were determined immediately. 
Remaining extracts were kept Tor 24 h at -80'C, re-cenlrifugcd and 
OUS activity was measured using a fluorescence spectrometer 
(LS50B, Perkin Elmer, Rodgau-Jiigesheim. Germany). 



Elcctrophoretic mobility shift assay 

Nuclear extracts were isolated from cotyledons of mustard seed- 
lings according to Dignam et al. (1983) and Jensen et al. (1988). 
Protein concentration was performed according to Bradford (1976) 
and aliquots were stored at -80°C. 

DNA fragments used as probes which were larger than 30 hp 
were end-Ub«Jed with *-"PdATP or «- 32 PdCTP. Smaller probes 
were prepared using partially overlapping oligonucleotides and 
filled-in with a- PdATP or a- 32 PdCTP using the KJenow fragment 
(Klenow and Henmngsen 1970). DNA fragments used as compet- 
itors were prepared by the identical procedure except that all nu- 
cleotides were supplied non-radioactive. All DNA fragments were 
purified by gel chromatography (MicroSpin S-200 or G-SO, 
Ainersham Pharmacia Biotech, Freiburg, Germany) and incorpo- 
ration of radioactivity was quantified by scintillation counting. 

Binding reactions were carried out in a Anal volume of 30 ul 
and contained 15 ul 2x binding buffer [24 mM Tris/HCI pH 7.9; 
24% glycerol (v/v); 70 mM KCI; 0.14 mM EDTA; 0.95 mM 
PMSF, 2.15 mM DTT; 15 mM MgCl 2 ; 0.01% bromphcnol blue 
(w/v)], 6-10 nmol probe, 2 ug P oly(dIdC).poly(dIdC) (Bochringer, 
Mannheim, Germany), 2 \ig nuclear proteins and specific compet- 
itor DNA as indicated in the figure legends- After incubation at 
room temperature for 10 min, the binding mixtures were loaded on 
4-8% polyaerylamide gels arid run in 25 mM Tris/HCl pH 8,3, 
190 mM glycine and 1 mM EDTA at 4*C and 200 V. Gels were 
wrapped in cellophane, dried at 60'C under vacuum and autora- 
diographed. 



Plant transformation and growth conditions 

A. ihaliam (ecotype Wassilewskjja; Arabidopsis Biological Re- 
source Center, The Ohio Slate University, Columbus, Ohio, USA) 
plants were transformed by vacuum infiltration (Been told et al. 
1993) with agrobacteria strain GV3101 (Koncz and Schell 1986) 
containing the binary psy promo ter/luciferasc constructs (see 
above). Putative Tl transformants were selected on kanamycin- 
containing (50 ue ml -1 ) Murashige-Skoog (MS) agar plates (Ix MS 
salts; 0.5 g MES/KOH, pH 5.7; 0.4% phytoagar). Of the initially 
identified Tl transformants, 5 lines per transformation were 
propagated. Homozygous Tl progenies were identified by the se- 
lection pattern of the corresponding T3 progenies on kanamyrin- 
containing MS agar plates. 

Seeds of white mustard (Slnapis alba L. f harvest 1982) used for 
isolation of nuclear extracts were obtained from Asgrow Company 
(Freiburg, Germany). Seeds from homozygous Arabidopsis lines 
were surface-sterilized, plated on MS agar plates, vernalized for 
4 days at 4*C and germinated for 3 days in darkness. Mustard 
seedlings were germinated and grown for 3 days on moist paper in 
darkness. Subsequently, seedlings were illuminated for 24 h with 
the following light conditions: white IighL (W), Osram L40 W (73 
lamps) + Philips TLD40 W (18 lamps), fluence rate 10.9 W/m 2 ; 
red light (R), = 660 nm, fluence rate 5 W/m 2 ; far-red (PR), 
= 730 nm, fluence rate 3 W/m 2 ; blue light (B), Philips 
TLD36 W/18 lamps, plexiglass filter 627 (Rohm & Haas, Darms- 
tadt, Germany), ^ = 436 nm, fluence rate 4.1 W/m 2 . 



Herbicide treatments and HPLC analysis 

For herbicidft-containing agar plates* autoclaved MS agar was 
cooled to 40*C stock solutions of the corresponding chemicals 
were added and the media poured into Petri plates. The following 
substances were used; CPTA [2-(4-chlDrophenyithio)triethylam- 
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moniura chloride; synthesized according to Scheulz and Baldwin 
1958]; norflurazon (SAN 9789; 4-chloro-S-(mclhyIamino)-2-(a,a it i- 
trifluoro-w-tolyl)-3(2H>pyrida2inon; Mayer et aJ. 19S9); gabacu- 
line (2-amino-2 1 3-dihydrobenzolic acid; Sigma). 

Seeds from A. thaliana (ecotype Wassilcwskija) were surface 
sterilized and plated on MS agar plates and herbicide-containing 
MS agar plates. After vernalization for 4 days at 4 a C t seeds were 
germinated for 3 days in darkness and thereafter illuminated for 
24 h with W light. Seedlings were harvested, immediately frozen in 
liquid nitrogen, ground to powder and resuspended in 500 \A 
100 mM Tris. An aliquot of 50 uJ was taken for protein determi- 
nation (Bradford 1976). The remaining suspension was extracted 
with an equal amount of CHCl 3 /methanol (2/1, y/v). The organic 
phase was separated by centrifugation (5 min, 10,000 g\ collected 
and the aqueous phase was re-extracted twice with CHCIj. The 
collected organic phases were subjected to quantitative HPLC 
analysis. As internal standards, lycopin (Hoffmann-LaRoche, 
Basel, Switzerland) was used for control seedling and seedlings 
treated with norflurazon and gabacuiine* whereas ^-carotene 
(Sigma, Germany) was used for CPTA-treated seedlings. The 
HPI^C-systcm consisting of a C30 reverse phase column (YMC 
200, CROM, Herrenberg, Germany) and a gradient system using 
(A) methanol//e/7-buly!-niethyI ether/H 2 0 (75; 15: 1 5, by volume) as 
live polar solvent and (B) methanol//^- butyl-methyl ether (50/50, 
v/v) as the nonpolar solvent. The gradient profile was 100% A 
linear to 0% A in 100 min, then isocratic for an additional 10 min 
ai a constant flow-rate of 1 ml/min. LTV/VIS spectra were moni- 
tored by a photodiode array detector (Waters 986, Eschborn, 
Germany). For analysis the Millenium software package version 
21 (Waters) was used. Products were identified by chromato- 
graphic comparison to authentic reference substances isolated from 
tcmzerlhe tomatoes (Clough and Pattcnden 1979) and by their 
spectral characteristics. 



Results 

Cloning of the psy gene and spatial pattern 
of expression of the lue-reporter gene 

The /My gene was isolated by screening a genomic library 
of Arabidopsis thaliana using a fragment of the A. tha- 
liana psy cDNA (Bartley and Scolnik J 994) as a probe. 
This yielded a 7-kb DNA fragment which revealed by 
sequencing the presence of the psy gene as part of 
chromosome 5 (GenBank accession number AB005238 
from bp 18150 to bp 25521, Sato et al. 1997). The 
fragment contained the complete transcribed region of 
3,1 kb, 525 bp of the 3'-untranseribed region and 3.7 kb 
of the psy promoter region. Figure 1 shows the DNA 
sequence of the psy promoter region up to position 
-174*. Position + 1 represents the first nucleotide of the 
longest cDNA isolated. Two putative TATA motifs are 
localized at positions -124 and - 153. 

To investigate regulatory regions within the pro- 
moter, we constructed six different translational fusions 
using the luciferase gene as the reporter at the following 
sites: -1746, -1314, -910, -809, -300 and -196. The fu- 
sions -1746/ + 716, -J314/ + 716, -300/ + 716 and -196/ 
+ 716 were cloned into the vector pBIN121 upstream of 
the nos polyadenylation signal. These constructs were 
used for Agrabacterium-med&icd transformation of A. 
thaliana. Homozygous inbrcds were produced from 
several lines of all transformants to be used for expres- 
sion analysis. 
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Fig. 1 Sequence of the pjy 
promoter and 5' ngn-translated 
region. Position + 1 represent 
the first nucleotide of the long- 
est cDNA isolated (Bartley and 
Scoinik 1994). Exons are shown 
in uppercase letters and the first 
intron is italicized. Breakpoints 
of the fusions with the tuc 
reporter gene are indicated by 
arrows and underlined letters. 
Putative TATA boxes arc 
shown in bold, the ATG start 
codgn is underlined. The region 
represents the sequence from 
21076 u> 25521 ofibe Pi clone 
MKP11 of chromosome 5 
(GenBank accession number 
AB00523S) 



*-17<6 

^tagBBOtagggaggttflBCatBaatttegttcg "Mamt^ CtraiBlsoattCBg^tfttBBaccjBBB -1676 

aaaagoggtrtte™>fcBagagaga.4tgt,at;t,tgaaB OM9«tBcggbgtQitUcggaaaBgact4l«BBt -106 

•acaaagga«aaaacCB«a*toaBgaag««iett« aa agaca. «« M<HifcotsgagcgeB4g agagagggce -1536 

*»g^tg«g*agBcagtBtgggt<!« a aotioocg*c t« ftpeggaa atet**j*«:tAaB<?t:tttcewe<:Ba -14&6 

tgaaaoattgaeaegtggaaaagcaacig^gaoca ott^wrsocgoacrtttfliaBWfctogataagefe -1396 

«a«c 9 Ptcr««G^1^gc£g^ ? gc^Gaacg^ge .cctctctg arc wettotgar aat*c«tt**sa -1326 

occaaaetgej^tgaococaccccXBaacooctai: tgt^ctttctBooaacBft^Bcttaatgacttata -1Z56 

taata tfcota at*ati*«*a atfcatgr a a * t aactati^g t*ccc atoteeatagtg a t a tg tctc -1 IS 6 

»cttWtcttccaoaaciftBit 9 cgtCBaMttg s ete**cafcgxtcgtagc««oatX3oaogteraiBca -1116 

a bb a aagttara**t*tttg aa aggca iKCtCtfta afcegtgag a^ggatcaagt^tcMegaaaccc'ec -lOfl 6 

g**gtBtfct>tBgoBatgBW*B«gctactgta** ta t*tag*taeg^rteg*aaGBcaacB*gx*fctfct; - 976 

-*-9l0 

aceafcga«a«gcctotttttXttttctfctcaaoa fteatitotg titttoa, fcoc^tafbtggttvaggc -90S 

tgagttvgttaacacagcatfiaficaa^agggacaa cttcntttttxatraeaatcta aata«et«««ata -S36 

tBaattoBcargaa.^taat;gt>ttci:a»ta9agt>ii ottaaa«rcccat;gtBeaat:t^cacBl:ttt^tga -766 

iBttiBttBtt aettCt tea* fcfcttw cte» « H B t;* a attc accfl »g ta ocg ata a* t^t-tte* attg at t - 6*6 

*«g%^*agtaBaag»fl*xa*at^tjfctcgtca<tA^ t;«t>Btoactat^tgt.SB'Cat:atet!gt*aaat:t:tg -6?6 

•rgat^tiagxetetgrtatt^oBtitgaaaaott** 8Bagfc'btag*BAat a9 aa.tgtaart£agaaa'taaa _«t 6 

tactcUMt^tttttttgftfltlttataotBggat mBtCBOltcotttutditgttgctttlBBtBB -486 

tatata^CBBBtaaagg«ta»iutBcattt:arar • »*Baafcat;tgtaa taeraeafcafccaatttagagoti -416 

ati;a itetacaattaoftBcctgtWccco attgat gaa^aatCBaBe&tgci«ttaaaaa aaetatcta - 346 

-»-3DC 

«rtgatscaggaat£:<«*>ttBgctaaataBta»oac a*Baat:«ggccaagaBaaagA%a;*goaaBoa*gfc -276 

taaatagfl|t;«^ggtttraat'4«gggatBgtt:ft «***tatit>t>gaaaaetateaaggt;ttgatt*aagB -206 

cacgagtca£^e^Bg«gt>cgoatiaT:cgce#gtcao >aactiiuu«BBBBaUtaU^ 6 « C BaBaMt -136 

aa««atBacgactfct^gtatct*taccggcaagat teeeaxtaa aaccag««aaaaaaaaat laaaaerflo -66 

41 

caaagaagg*ayaaaat;t:tgagtgg B tgagaattl; tttoeg ata^agg aagagt eBgcotoatotaCWtf 4 

GtCXAACCTTTTggrCWcCTTTTGATTAAITrAG TGTTTBACAATTCCTCCTCCM'CTCCOTCTTOT*C 14 4 

CAAAOT»*TCTC<SCAGTATCtfA«pajaT*C?tfACAGA GAGAAAC5* *?«oect gcyCcC*CC4cCcacfcttg 214 

C^cco^tecjgteajffccecwcccyceatyto'dce caceyeeec^eeeefcyyyetefcetfracGfcaate 2B4 

atc?«€rt«acaa«a07j£jC4C4aXcea4eec?r rtt cpagC^gaa-tic -jgee? ««ccoagttg*f taea 354 

rftayccaaeaegjcBjpj^aeeeacrtgtceetC «totctCc a csrcccecaeeegctcct sanitate 424 
Toococetae ? t*C7*gececttc0ee*eee*dct: tgcttga jfaaetgaytc t cccaecec^oct o« 

Teegge;cE:«e4e«c«gatccag4a<ec«c7seca ccaaCeeac tttttt tytafc fccsoeeeyajgaxA^ jgi 

AflCTMAGrcTTTTACCAWTTGATCCAATKTCS ftTCTCACTa* ^AAAAOTTOOQAgTTTGA^TCJTCA 634 

TAACyW2TA!5AA«AAACAGAGTCAA<;ASAA6AAAAC TAAAAAAGTrSAGATTTTTCICTCACGCaOTCAAG 70 4 
«~+716 

AACT*SA6lATG 7lfi 



In plants containing the -1746/ + 71 6 psy/luc trans- 
gene, luciferase activity was detected in all tissues tested, 
including those which normally contain carotenoids 
only in trace amounts if any, such as roots (Fig. 2). The 
highest luciferase activity was measured in flowering 
buds and ripening seed pods while intermediate values 
were obtained for leaves. 



Expression during photomorphogenesis 

As we have shown previously, the phyiochrome system 
mediates the light induction of PSY as observed at the 
transcript as well as at the protein level (von Lintig et al. 
1997; Welsch et aL 2000). Using the different transgenic 
psy/luc Arabidopsis lines, we aimed at characterizing ex- 
acting elements within the psy promoter responsible for 
light induction. For this purpose, luciferase activity was 
determined from seedlings which were etiolated for 3 days 
and from etiolated seedlings illuminated for 24 h with 
different light qualities (Fig. 3). The longest promoter 
fragment used (-1746/ + 716) showed two- to threefold 
increases in luciferase activity after illumination with W, 
FR, R and B light. This correlates well with the increase of 
psy transcript amounts in Arabidopsis seedlings subjected 
to the same light treatment (von Lintig et al. 1997). 



Transformants carrying the -1 3 14/ + 71 6 psy flue fu- 
sion or the -1746/ +716 psy/luc fusion were almost in- 
distinguishable in their patterns of luciferase activity. 
However, further truncation up to position -300 led to a 
decrease of 20-30% in promoter activity under all light 
conditions. Further truncation up to -196 abolished the 
induction under R light completely, whereas an induc- 
tion under W, FR and B light was still observed. This 
indicates the existence of spatially separated cu-acting 
elements responsible for R and FR/B responses: cic 
acting elements located between -300 and -196 are es- 
sential for responses to R light while those for FR and B 
light response are located in the proximity of the TATA 
box, up to position -196. Furthermore, since both the 
-300/ + 716 and -196/ + 716 psy/luc fusions show the 
same luciferase activity in etiolated seedlings, the re- 
sponsible w-acting elements are also localized in the 
proximity of the TATA box region, up to -196. 

Thus, two regions within the psy promoter appear to 
be mainly involved in the regulation, one being located 
between -1314 and -300 (heretofore TATA box distal 
region) responsible for a basal strong promoter activity, 
the other being located between -300 and the TATA box 
(heretofore TATA box proximal region). This latter re- 
gion is mainly involved in the differentiated response 
towards different light qualities. 
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Fig, 2 Activity of the -1746/ + IXb-pxyjluc fusion in tissue extracts 
from 6-weelc-old transgenic Arabidopsis plants. Lucifcrasc activity 
was determined by a lu mi no met he assay and is expressed in relative 
tight units (RLU) s~' ujf 1 protein {FB flowering buds, RL rosette 
leaves, Ro roots, Se seeds, SL stem leaves, SP seed pods, St stem) 
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Fig. 3 Activity of different psy flue fusions in transgenic Arabidop- 
sis seedlings during de-etiolation. The numbers indicate the 
breakpoints of the psy promoter region fused with the luc gene. 
Transgenic Arabidopsis seedlings were etiolated for 3 days (D) and 
thereafter illuminated for 24 h with white (W), rar-red (FJ?), red (K) 
and blue (£) light. Lucifcrasc activity was measured ruminoxnetri* 
cally and expressed in RLU s" 1 u£~ l protein 
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Fig. 4a-c Effects of herbicide treatment on carotcnoid and 
chlorophyll content and psy promoter activity in Arabidopsis 
seedlings. Wt and transgenic -1746/ + 716 psyjiuc Arabidopsis 
seedlings were etiolated for 3 days (D) and thereafter illuminated 
for 24 h with white (W) light. Chlorophyll (a), carotcnoid content 
(b) (ng ug" 1 protein) and c luciferase activity (RLU s H ug~ l protein) 
are shown. Data are means ± SE of two experimenta except for c 
where data are means of six experiments (CCPTA, (? gabaculine, 
norHurazon) 



Effects of herbicides on the expression 

Herbicides that interfere with carotenoid formation have 
been considered to affect the regulation of carotenoid 
biosynthesis in a sort of feedback mechanism (Corona 
et al 1996; Al-Babili et al. 1999). Therefore, the influ- 
ence of different herbicides on carotenoid content and 
on lucifcrase activity in herbicide treated psy/ luc plants 
was analyzed (Fig. 4). To include possible effects of 
herbicides on light induction, the herbicide treatment 
was carried out with etiolated seedlings as well as with 
seedlings iUurriinated for 24 h with W light. The two 
compounds acting on carotenogenic enzymes were 
norflurazon, which inhibits PDS and leads to phytoene- 
accumulation, and CPTA, which inhibits fycopene 
cyclase and yields lycopcne. Furthermore, to compare 
the effects of gabaculine on the pds promoter reported in 
the literature (Corona et al. 1996)> we included this 
compound into our studies. Gabaculine is an inhibitor 
of chlorophyll biosynthesis acting at the level of the 



enzyme glutamatc l-semialdehyde aminotransferase 
(Werck-Reichhart et al. 1988). 

As determined by quantitative HPLC analysis, in 
etiolated seedlings treated with norflurazon and gaba- 
culine, the carotenoid content reached only half of the 
amount present in the untreated controls (Fig. 4b). 
Furthermore, the carotenoid content remained constant 
after illumination in herbicide-treated seedlings, whereas 
a triplication of carotenoids occurred in untreated 
seedlings. In seedlings grown on CPTA, the carotenoid 
amount was further decreased and consisted of only 
traces of lycopene. As with all other herbicides tested, 
this remained unchanged after illumination. Thu$, in 
this system, all herbicides used led to a decrease in car- 
otenoid content and a complete loss of light-induced 
accumulation. 

This loss, however, is not related in all eases to 
equivalent responses in promoter activity (Fig. 4c). 
Interestingly, the decrease in the carotenoid content 
affected by norflurazon and gabaculine in the dark did 
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not significantly change the luciferase activity in 
-1 746/+ 716 psy/luc plants. This indicates that, contrary 
to that observed for the tomato pds promoter (Corona et 
al. 1996), there was no regulatory feedback mechanism 
acting in the presence of these two compounds. How- 
ever, the regulation of signal transduction pathways 
leading to light induction of the psy promoter occurred 
undisturbed, since an increase in luciferase activity was 
observed in the respective illuminated seedlings. 

CPTA treatment did not change reporter activity in 
dark-grown seedlings but, in contrast to norflurazon and 
gabaculine treatment, it abolished light induction almost 
absolutely. 



Characterization of c rj-acring elements of the TATA 
box proximaJ promoter region 

The analysis of luciferase expression of the psy/luc fu- 
sions led to the conclusion that m-acting elements me- 
diating differential light responses are located within the 
TATA box proximal promoter region up to position 
-300. To further characterize these elements, EMSAs 
were performed using nuclear extracts from Smapti alba 
seedlings. Using the region from -316 to -166 as a 
probe, the formation of specific protein/DNA complexes 
was observed, as shown by successful competition of 
complex formation with the same unlabdled probe 
(Fig. 5c, left). As the competition occurred also with a 
shorter promoter fragment corresponding to position 
-210 to -179, it was concluded that the corresponding 
cLv-acting elements are located within tius region. This 
finding was confirmed by EMSAs using this promoter 
sequence as a probe (Fig. 5c, middle). Furthermore, the 
formation of protein/DNA complexes correlated with 
the promoter activities observed under different light 
conditions. Extracts from seedlings illuminated with W, 
FR and B light showed higher binding activity than 
nuclear extracts from etiolated seedlings. However, 
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when obtained from R-light-illuminated seedlings, only 
weak protein/DNA complexes were formed. 

Although motifs of well-known plant transcription 
factors were not found within this -210 to -179 pro- 
moter region, two short motifs share some similarity to 
G-box motifs, which are known to be involved in the 
light regulation of several genes (in the following Gl and 
G2, see Fig. 5b; GiuJiano ct al. 1988). According to 
Schindler et al. (1992), mutations in these motifs affect 
the affinity towards GBFs. Therefore, we investigated 
possible functions of these two motifs by analyzing the 
binding activities of DNA fragments successively mu- 
tated in these motifs (Fig. 5c, right). The mutation in 
motif Gl led to the appearance of an additional protein/ 
DNA complex with different migration behavior, 
whereas the mutation in G2 prevented complex forma- 
tion completely. Thus, both motifs are necessary for the 
formation of the protein/DNA complex, but to a dif- 
ferent extent: while G2 is essential for the formation, Gl 
contributes more to complex stability. This may be re- 
flected in the fact chat the 196/+716 psy/luc fusion, 
which includes G2, but not Gl, shows slightly lower 
light induction than the -300/ +716 psy/luc fusion and 
has lost R induction. 

The fact that mutations in both motifs effected 
complex formation indicated the involvement of GBFs. 
A further clue was obtained by a competition assay us- 



Flg. 5 a Fragments from the TATA box proximal region orihe psy 
promoter tired in electrophoretic mobility shift assays (EM5A). 
The numbers depict the distance in bp to the transcription start titt 
( + 1). b Sequences of the oligonucleotides used for the EMSAs. G- 
box-like elements and the G-boj* of the rbcS3B promoter arc shown 
in bold face; mutations arc given as underlined. GJ/G2 is the psy 
promoter region between -210 and -179; KB is the rbcS3£ 
promoter region between 82 J 2 and 8242 (Dedonder et al. 1993). 
c EMSAs with mustard nuclear extracts from etiolated (/>) and Tar- 
red (FR), red (R), blue (£) and white {IV) light illuminated mustard 
seedlings. Competitions were performed with the molar excess of 
unlabeled fragments as given |/-C 250 ng poly(dIdC) was added to 
the incubation] 
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Fig. 6 Quantification of Luciferase activity in 4. lhaliana leaves 
transiently expressing psy/Iuc fusions. The fusions used as test 
plasmids are indicated on the abscissa; the vector pHGi35SGUS 
was used as control plasmid. Equimolar amounts of test and 
control plasmid were used for each measurement. Luciferase 
activity was measured luminometrically and normalized 10 ihe 
fluorimetrically determined GUS activity. Data are means ± SE of 
three experiments 



ing the perfect palindromic G-box of the nibisco SSU 3b 
promoter (rbcS3b\ GenBank accession number X 14564, 
Dedonder et al. 1993) as competitor. In this case, the 
complex formed with the psy promoter region from -210 
to -179 disappeared almost completely. 



Characterization of c«-acting elements of the TATA 
box distal promoter region 

Beside the TATA box proximal promoter region, which 
mediates a differential response towards different light 
qualities, further cir-aciing elements located between 
-1314 and -300 are responsible for a strong basal i.e. 
light quality-independent promoter activity (see above). 
To further define the position of these elements, wc 
analyzed the transient luciferase expression or additional 
psyjtuc fusions in green leaves from adult plants (grown 



$19 

under 8hD/16hW conditions). In this assay, for each 
test construct containing the psy flue fusion, equimolar 
amounts of a control plasmid mediating constitutive 
expression of GUS (driven by the CaMV-35S promoter) 
were co- transformed. This allowed quantification of the 
luciferase values relative to the fluorimeuically obtained 
values for GUS activity, correcting for different trans- 
formation rates and/or tissue conditions (Norris et al. 
1993). As shown in Fig. 6, the psyjtuc fusion -910/ + 716 
mediated almost the same promoter activity as -1314/ 
+ 716 (which had been analyzed in stabile transforma- 
tions). However, a strong decrease in luciferase activity 
was observed for the -809/ + 716 psy flue fusion. There- 
fore, exacting elements responsible for the strong basal 
promoter activity are located between -910 and -809. 

EMS As were conducted again in order to identify ex- 
acting elements within this region using nuclear extracts 
from mustard seedlings (Fig. 7). Using the region • »946 to 
-754 of the psy promoter as radiolabeled probe, the for- 
mation of protein/DNA complexes was observed with 
extracts from etiolated seedlings illuminated for 24 hwith 
W light. The specificity of this complex was demonstrated 
by competition with the same unlabelled probe. Fur- 
thermore, the complex formed could also be competed 
with the promoter region from -856 to -825, indicating 
the presence of ay-acting elements within this region. 

Using this 31-bp fragment as a radiolabeled probe, 
EMSAs with nuclear extracts isolated from differentially 
illuminated seedlings revealed that the binding activity 
of the corresponding rrdnj-acling factors increased un- 
der all light conditions examined, compared with ex- 
periments conducted with extracts from etiolated 
seedlings (Fig. 7c, right). Thus, this region is indeed light 
responsive but does not confer differentiated responses 
towards different light qualities. 

Although no consensus motifs from known plant 
transcription factors were detected in the promoter 
sequence investigated, the tandem occurrence of the 



Fig. 7 a Fragments from the 
TATA box distal region of the 
psy promoter used in EMSAs. 
The numbers depict the dis- 
tance in bp to the Lranscriptjon 
start site (+ 1). b Sequences of 
the oligonucleotides used for 
the EMSAs. ATCTA elements 
are shown in bold; mutations 
are given as underlined, c EM- 
SAs with mustard nuclear ex- 
tracts from etiolated seedlings 
(Z>) or etiolated seedlings illu- 
minated with white {W) % far-red 
(F K), red (*) and blue (£) light 
Competitions were performed 
with 5Qx molar excess of unla- 
belled fragments indicated [/-C 
250 ng poly(dIdC) was added 
to the incubation] 
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sequence ATCTA seemed indicative (Fig. 7b). Therefore, 
wc investigated the possible involvement of the resulting 
sequence motifs on complex formation. Both motifs were 
successively mutated and these fragments were used as 
competitors. As shown in Fig. 7c (middle), individual 
mutation of the first and of the second ATCTA motif both 
led to a decrease in binding activity, while simultaneous 
mutations in both motifs completely abolished binding 
ability. Therefore, the sequence ATCTA represents at 
least in part the exacting element for a transcription 
factor mediating a strong psy promoter activity. 

To examine the distribution of this motif, we screened 
the promoLer regions of genes from different organisms 
expected to be expressed coordinately with carotenoid 
biosynthesis during the formation of photosynthetic 
complexes (see Table 1). Interestingly, the ATCTA motif 
was found not only in promoters driving the expression of 
proteins involved in the carotenoid pathway, like deoxy- 
xylulose-phosphatc synthase and PDS, but it occurred 
also in genes in the tocopherol biosynthesis pathway, such 
as for hydroxyphenyl-pyrnvate dioxygenase, geranylger- 
anyl-diphosphate reductase, prenyl transferase and y- 
tocopheryl methyltransferase. Furthermore, it was found 
in promoters of genes involved in photosynthesis, such as 
the ones coding for the chlorophyll a/b binding protein 
(CAB) and for plastocyanin (PC). 

In order to investigate whether these ATCTA-con^ 
taining promoter regions also lead to complex formation, 
EMSAs were conducted using nuclear extracts from 
mustard seedlings illuminated with W light. Promoter 



regions from the following genes were used as 
radiolabeled probes: pds from Lycopersicon esculentum 
(GenBank accession number U46919), cab from 
S. alba (GenBank accession number X J 6436) and 
A. (haliana (GenBank accession number J04098) and pc 
from Pisum sativum (GenBank accession number 
XI 6082). Consistent with the competition assays using 
promoter fragments mutated in one of the two ATCTA 
elements, these studies revealed that the tandem 
arrangement of the ATCTA motif was not necessary to 
allow complex formation. Among the promoters investi- 
gated, such an arrangement is observed only in the 
cab/S. alba and in the pc/P. sativum promoters, while 
occurring only singly in the others (see also Table 1). 
Fig. 8 shows the formation of protein/DNA complexes 
for all promoter regions tested. Their electrophoretic 
mobility corresponded to that observed with the probe 
from the psy promoter but differing somewhat in the 
amounts of retarded radiolabelled probe. The complex 
formed with the ATCTA motif-containing region from 
the cab promoter of S. alba can be competed by the 
corresponding ATCTA motif-containing region from the 
psy promoter, suggesting the involvement of the same 
transcription factor. 



The formation of a functional photosynthetic apparatus 
requires the synthesis of carotenoids to be well 



Table t The ATCTA element in different promoter* or plastid- 
localized proteins. The position of the ATCTA dement is denoted 
relative to translation*] (Tlj or transcriptional start (7*) of the 
gene. Numbers in bold indicate ATCTA elements or sequences 
which were used as radiolabelled probes for EMSAs in Fig. 8. 
GenBanV accession numbers for the promoter sequences analyzed 
arc as follows: DXS, AL 16 1 542; PSY, Ab005238; PDS [Lycop- 
ersicon txculentum), U46919; PDS (Zca mays\ AF039585; CAB 



{Sixapis alba), X16436; CABI (Arabidopsis thaJUma), J04O9B; PC 
(Pisum sativum), X160B2; PC (Arabidopsis t kalian a), S679Q1; PC 
(Hordeum vulgar*), 228347; HPD, NC 003O7O; GOR, AC011765; 
FT, AC007651; TMT, AC006193 (CAB chlorophyll a/b-binding 
protein, JDXS deoxy-xyfulose-phosphate synthase, OCR geranyl- 
geranyl-diphosphate reductase, HPD hydraxyphenyhpyruvate di- 
oxygenase, PC plastocyanin, PDS phytoene desalurase, PT prenyl 
transferase, TAfT y-tocophemi methyltntnsrerasc) 



Proteins 



Gene 


ATCTA clement 


dxs {A. ihatitma) 


-819T1 


-iian 


psy (A. thaliana) 


-841Tx 


pds (L. esculenzum) 


-«71Tx 


pds (Z. mays) 


-327Tx 




-185Tx 


cab (S. a/ba) 


-1159T1 




-1I32T1 




-340T1 


cabj (A. thaliana) 


^190TI 




-24ST1 


pc (P, sativum) 


-101TX 


pc (A. thaliana) 


-I159Tx 




-f49Tx 


pc (fj. vulgare) 


-499TX 


hpd(A. thaliana) 


-894T1 




-400T1 


ggr(A. thaliana) 


-1001T1 




-124T1 


pt (A. thaliana) 


-908T1 




-151TI 


tmt (A, thaliana) 


-lira 



Sequence 



Carotenoid biosynthesis 



Photosynthesis 



Tocopherol biosynthesis 



atttttcttgtaaaacatctaaaaattat 

aaataatatcatcaatatctatccaaaac 

ttattacaatctaaatatctaaaatataa 

tgtttggagtttatttatctaaagtaaac 

aataaactcattaattatctaaaacgaat 

ctatatactgttctatatctatatttaat 

taatctaaatcgaaatatctaaatgttta 

tactctaaatctacggatctaatactcag 

aatgtgtt a a ctagat atctatcgtctca 

taaatttta tagttttatct actttgttc 

tgaaacgcacctagatatctaaaacacat 

gtggcacatctacattatctaaatcacat 

ttttata ag ataatgt atct aggtttgct 

tgttcaaagt crcctta tctacttatgca 

aataactgcaatttttatctaaaacaata 

ATACATGTAGACCAAAATCTAAAGTGTTT 

tcatggcacatagaatatctaagaaactg 

ttctcttactaaaaatatctaaaatcata 

ggaaatctccaacaatatctaatccacta 

tatgaaacaaattaaaatctacaaatttc 

agtaccattcacaagtatctaaaaaattg 

gagtgaaatgatatttatctaaaacaaat 
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Fig. 8 a Sequences of the oligonucleotides used in the EMSA*. 
ATCTA elements shown in bold (C psy promoter region between 
-B56 and -525, Cb/Sa cab \>romotet/Sinnpis alba, PC/P.v plastocy- 
aniti promoter/ Pisvm sativum, Cb/At cab J promoter/,-*, ihaiiana, 
Pds/U pas ptoreiotcr/Lycopersicon esculentum). For GcnBank 
accession numbers and positions within the promoters, $ec Table L 
b EMS As with labeled oligonucleotides indicated in A and nuclear 
extracts from mustard seedlings illuminated with white light. 
Competitions were performed with lOx and 50x molar excess of 
unlabelled fragment C 

coordinated with all other constituents involved in 
photosynthesis. The en2yme phytoene synthase (PSY) 
catalyzes the first reaction specifically devoted to carot- 
enoid formation. Therefore, the finding that PSY rep- 
resents the first light-induced step in the pathway on the 
transcriptional, protein and enzymatic level appears in- 
dicative (von Lintig et al. 1997; Welsch et al. 2000). As a 
consequence, we decided to focus on the psy promoter 
from Arabidopsts thatiana and analyzed transgenic 
plants carrying promo tcr/luciferase fusions. 

The activity of the psy promoter observed in the dark 
correlates well with the PSY accumulation in the pro!- 
amellar bodies of etioplasts. Illumination with W light 
for 24 h induces a doubling of PSY protein (Welsch et 
aL 2000); concomitantly psy promoter activity doubles, 
as we show here (Fig. 3). This parallelism in transcript 
and protein levels indicates that translation is not in- 
volved in controlling psy expression. However, post- 
radiational mechanisms are involved: it must be kept 
in mind that the increased promoter activity observed 
under FR light, for instance, yields an enzymatically 
inactive protein requiring the decay of the prolamellax 
body and the development of thylakoid membranes for 
activity. In one interpretation, both psy promoter ac- 
tivity in the dark and enzymatic activation by light-in- 
duced formation of membrane structures represent a 
synergistic mechanism to guarantee a rapid supply of 
photoprotective carotenoids during the initial phase of 
pho tomorph ogenesis . 



53! 

Nonetheless, with the results presented it can be 
stated that regulation of carotenoid biosynthesis is 
subjected to strong transcriptional regulation* This 
supports several studies of the steady-state concentra- 
tions of carotenogenic mRNAs during developmental 
processes in different systems (reviewed in Hirschberg 
et al. 1997). 

In adult plants, the pattern of tissue-specific promoter 
activity did not meet expectations in all cases (Fig. 2). 
For example, the signal obtained for roots is surprising 
but may be related to a basal level of carotenoid bio- 
synthesis, Carotenoids produced here may represent 
abscisic acid (ABA) precursors subjected to dioxygen- 
ase-catalyzed cleavage (Schwartz et al. 1997); in fact, 
ABA synthesis occurs also in roots (Milborrow 2001). 
The high level of psy promoter activity observed in de- 
veloping seed pods may also be linked with ABA for- 
mation, as this phytohormone is known to prevent 
premature germination. 

Inflorescences showed a high expression of the psy flue 
transgene. But, while separate analysis of flower tissues 
is difficult in Arabidopsis, there are reports from tomato 
and tobacco expressing gus under control of the pds 
promoter. Here, anthers showed the strongest expres- 
sion of the pds/gus transgene (Corona ei al. 1996), fol- 
lowed by corollae and pistils. High expression in anthers 
was related to a structural function of carotenoids dis- 
cussed previously (Brooks and Shaw 1968). 

Carotenoid biosynthesis takes place exclusively in 
plastids, catalyzed by enzymes that are encoded by nu- 
clear genes. It is well known that inhibition of plastid 
development may afleci the expression of such proteins. 
For instance, plastid defects induced by norflurazon lead 
to differential alterations m the expression of the nu- 
clear-encoded plastid proteins in barley seedlings 
(Batschauer et al. 1986). Therefore, we studied the effects 
of norflurazon, CPTA and gabaculine on the expression 
of the reporter gene. Norflurazon, a classical bleaching 
herbicide, and gabaculine, an inhibitor of chlorophyll 
biosynthesis, did not affect psy promoter activity during 
etiolation or after illumination (Fig. 4). This is quite 
surprising, at least in the case of norflurazon, since in- 
creased activity would be expected as a result of the 
photo-oxidative damage it exerts. Thus, neither the ac- 
cumulation of phytoene precursors nor the reduction of 
final carotenoid products seems to exert notable feed- 
back regulatory activity. In this respect, regulation of the 
psy promoter and the pds promoter from tomato differ; 
for the latter, an increase in promoter activity was re- 
ported in response to these two compounds (Corona et 
al. 1996). These results agree with the absence of sig- 
nificant effects of norflurazon treatment on the steady- 
state levels of the tomato psy mRNA (Giuliano et al. 
1993). Similarly, the iycopene cyclase inhibitor CPTA, 
leading to Iycopene accumulation, was reported to me- 
diate a positive promoter response in the dark and in 
the light, whereas in our experiments the psy promoter 
did not respond to CPTA in the dark. Interestingly, 
CPTA treatment completely abolished the ability of this 
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promoter to respond positively to light. It remains tg be 
clarified whether this is due to feedback-signaling initi- 
ated by the accumulated lycopene. Such a role for ly- 
COpene can be concluded from the unexpected results 
obtained with rice endosperm expressing carotenoid 
biosyntheric enzymes. Here, formation of transAyco- 
pene, mediated by psy and a bacterial crtl (a /rarv-ly- 
copenc forming carotene desaturase) led to the 
establishment of the entire carotenogenic pathway in- 
cluding the formation of xanthophylls (Ye et al. 1999). 
Similarly, expression of crtl in tomatoes did not lead to 
increased synthesis of lycopene, but to an increase in fi- 
carotene. Endogenous carotenoid genes were concur- 
rently up-regulated, except fpr psy, which was repressed 
(Romer et al. 2000). This downregulation of psy corre- 
lates with Lhe effect of fra/nr-Iycopene on the psy pro- 
moter demonstrated here but conflicts with the results of 
CPTA experiments with daffodil flowers, where lycopene 
accumulation increased the abundance of psy transcripts 
and protein (A!-Babili et al. 1999). 

Light induces the accumulation of carotenoids. At 
the level of the psy promoter, all light qualities tested in 
the present investigation increased psy promoter-medi- 
ated luciferase activity in transgenic seedlings carrying 
the -1746/+7I6 psy/luc fusion (Fig. 3). The strongest 
induction was observed for B light, which indicates a 
possible important contribution by cryptochromes. The 
phytochrome system i$ also involved: analysis of phyA 
and phyB mutants of Arabidopsis demonstrated earlier 
that PHYA is involved in the FR induction of psy 
transcript amounts (von Lintig et al. 1997), In agreement 
with these findings, FR light led to a strong increase in 
promoter activity. A similar response pattern toward 
different light qualities, albeit to a lower extent than the 
-1745/ + 716 psy/luc fusion, is mediated by the -300/ 
+ 716 psy/luc fusion. However, truncation of 104 bp 
leading to the -196/+ 716 psy/luc fusion abolished the 
induction in R light completely. This indicates that ex- 
acting elements involved in the phytochrorne response 
under R light are located between -300 and -196 of the 
promoter, whereas elements mediating responses to FR 
and B light as well as a residual promoter activity in the 
dark are located in the first 196 bp. Within the -300 to 
-196 promoter region, the position of two spatially 
separable cLr-acting elements could be restricted to 
between positions -210 and -179 (see Fig. 5). The 
amounts of protein/DNA complexes formed with this 
region using nuclear extracts from etiolated seedlings 
and from FR, B and W light illuminated seedlings 
corresponded to the psy promoter activity measured 
under these conditions. Therefore, the binding activities 
of the fran-acting factors involved here are regulated by 
FR- and B-Hght-receptor mediated mechanisms. 

The induction under R light seems to involve differ 
ent ^acting elements. Under R light, only weak com- 
plex formation was detectable using the -2 10/- 179 
promoter sequence as a probe. Consistent with this 
finding, the -1 96/ + 71 6 psy/luc fusion, which disjoins the 
two eft-acting elements characterized, lost the R induc- 



tion. Therefore, additional cw-acting elements down- 
stream of position -179 are required to explain the 
observed strong R induction in the -300// + 716 psy/luc 
fusion. 

The most intensely investigated group of transcrip- 
tion factors involved in light regulation are the GBFs 
(Giuliano et al. 1988; Menkens et al. 1995). A compe- 
tition assay with the perfect palindromic G-box of the 
rbcS3b promoter of A. thaluma demonstrated the in* 
voJvcmenL of GBFs in the protein/DNA complexes 
formed within this psy promoter region (Fig. 5). Known 
mechanisms involved in increased GBF binding activity, 
such as light-induced translocation from the cytoplasm 
(Harter et al. 1994) or phosphorylation (Khrnczak et al. 
1992, 1995), may be responsible for the effects observed. 

The psy promoter region from -215 to -1 66 contains 
two G-box-like motifs (Gl and G2)> As shown by 
EMSAs with probes carrying mutations in Gl and G2 f 
both motifs are involved in the formation of the protein/ 
DNA complex observed (Fig. 5). Since GBFs belong to 
the group of basic leucine zipper transcription factors, it 
is generally assumed that a central ACGT core is nec- 
essary for binding (Foster et al, 1994) while flanking 
sequences determine sequence specificity (Williams et al. 
1992; Izawa ct al- 1993). The G-box-like motifs in the 
psy promoter do not meet this criteria, because they 
contain the sequences ACGA and TCGA in Gl and G2, 
respectively. However, there are some indications that a 
ccnlraJ ACGT core is not obligatory (de Pater et ah 
1994; Yunes et al. 1 994). The exact identity of the GBFs 
involved in the binding to psy promoter Gl and G2 
remains to be investigated. 

The light-dependent activity mediated by the -300/ 
+ 716 promoter region is not qualitatively but quanti- 
tatively modulated by exacting elements located further 
upstream, as reflected by the strong luciferase activity in 
the -13 14/ + 71 6 psy/luc plants. Quantification of tran- 
sient luciferase expression revealed these element* to be 
located between positions -910 and -509 (Fig. 6). 
Competition EMSAs with nuclear extracts from mus- 
tard seedlings illuminated with W light restricts local- 
ization of the corresponding w-acting elements to a 
region between -856 and -825. The amounts of protein/ 
DNA complexes formed with this promoter region were 
not affected markedly by nuclear extracts from differ- 
ently illuminated mustard seedlings (Fig. 7). Thus, the 
corresponding transacting factors are cons titu lively re- 
quired for a high basal level of psy promoter activity. 

The sequence of the DNA fragments used in these 
EMSAs contained two ATCTA motifs in tandem. 
Competition EMSAs with DNA fragments carrying the 
mutated motifs demonstrated that these boxes indeed 
bind a trans-acting factor (Fig. 7) and that the existence 
of only one ATCTA motif is sufficient. Mutation of only 
one motif was insufficient to prevent complex formation, 
while mutation of both led to a complete loss of binding 
capacity. 

AparL from in the psy promoter, the ATCTA motif 
also occurs in promoters of genes involved in carotenoid 
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and tocopherol biosynthesis, and aJso in some photo- 
synthesis-related genes (see Table 1). This may indicate a 
more general importance of this motif in the co-regula- 
tion of these genes. This is further corroborated by the 
observation that different ATCTA-coniaining promoter 
regions in EMSAs resulted in protein/DNA complexes 
with identical migration behavior but in different 
amounts (Fig. 8). The ATCTA element characterized 
here shares some similarity to a cw-aciing element found 
in several cab genes which are recognized by CCA I . This 
myb-rclated transcription factor was shown to be in- 
volved in the phytochrome induction of these genes 
CWang et al. 1997; Wang and Tobin 1998). However, 
footprint analysis defined the sequence AA A /cAATCT 
as the binding sequence for CCA1, whereas the presence 
of A residues upstream of the ATCTA element is not 
necessary for binding of the transcription factor in- 
volved here. This can be concluded both from the 
competition assay using mutated ATCTA sequences 
(Fig. 7c), as well as from the sequences neighboring the 
ATCTA elements found in other promoters (Fig. 8). 
Therefore, the involvement of an as yet unknown tran- 
scription factor seems probable. 

Work is in progress towards the molecular identifi- 
cation of the corresponding transcription factor, to 
elucidate its potential for the synergistic regulation of 
different photosynthesis-related biochemical pathways. 
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